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palavras-chave

resumo

acidos triterpénicos, adsorcdo, cromatografia liquida de alta eficiéncia, curvas
de rutura, isotérmica, leito movel simulado

A indistria farmacéutica tem manifestado um crescente interesse em
compostos naturais com propriedades biolégicas e nutricionais. Os acidos
betulinico e oleandlico sao dois acidos triterpénicos que ocorrem naturalmente
na natureza e que possuem tais caracteristicas. Estes dois compostos podem
ser extraidos de recursos naturais, tais como da casca do Eucalyptus globulus.
No entanto, a sua separacdo é dificil, pois os compostos apresentam
estruturas muito semelhantes (s&o isémeros constitucionais).

Neste trabalho estudou-se a separagdo cromatografica de uma amostra
representativa dos extratos de E. globulus dos &cidos betulinico e oleandlico.
Inicialmente foram realizados testes cromatogréaficos em cromatografia liquida
de alta eficiéncia, recorrendo a fase estacionaria Acclaim C30. Através destes
ensaios determinou-se que a fase moével metanol/acetonitrilo 50/50 (%, v/v) é a
mais adequada para a separacéo destes &cidos triterpénicos.

De modo a averiguar as constantes de equilibrio (H;) e os coeficientes globais

de transferéncia de massa (K;pr), foram determinadas as curvas de rutura
dos acidos puros (solu¢gbes unarias). Estes pardmetros foram correlacionados
recorrendo a dados experimentais e posteriormente validados pela simulacdo
da curva de rutura de uma mistura binaria contendo a mesma proporcéao de
acido betulinico e oleandlico encontrada no E. globulus. Os dados advindos
deste ensaio foram modelados pela solugdo analitica de Carta. Paralelamente,
foi também usado o método dos momentos para obter os parametros de
transporte. Os resultados obtidos foram consistentes.

Por fim, estudou-se a separacdo dos acidos betulinico e oleandlico por leito
movel simulado (SMB), realizando simulac¢des utilizando os parédmetros de
transporte obtidos anteriormente pela modelacdo das curvas de rutura. Foram
adotadas duas configuracfes diferentes (1-1-1-1 e 2-2-2-2) e diferentes
comprimentos de coluna (variando dos 10 aos 25 cm), usando os parametros
de transporte obtidos. Foi concluido que usando uma unidade SMB é possivel
separar os acidos betulinico e oleandlico com purezas superiores a 99 % tanto
no extrato como no rafinado para todos os cenarios apresentados.
Posteriormente, foi analisada a recuperacdo dos &cidos triterpénicos das
correntes de extrato e rafinado de um futuro processo, tirando vantagem da
sua baixa solubilidade em agua. Por conseguinte, a solubilidade de cada acido
triterpénico em misturas de solventes com o aumento da concentragdo de
agua foi medida e discutida.
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The pharmaceutical industry is developing a growing interest in natural
compounds with biological and nutritional properties. Betulinic and oleanolic
acids are two naturally occurring triterpenic acids, which possess such
characteristics. These two compounds can be extracted from natural
resources, i.e., from the bark of Eucalyptus globulus. However, their separation
is difficult because these compounds present similar structures (they are
constitutional isomers).

In this work, the chromatographic separation of betulinic and oleanolic acids
from representative extracts of E. globulus was studied. High performance
liquid chromatography (HPLC) assays were initially performed using an
Acclaim C30 column as stationary phase. Through these tests it was found that
the mobile phase methanol/acetonitrile 50/50 (%, v/v) is the most suitable for
the separation of both triterpenic acids.

In order to determine the equilibrium constants (H;) and the global linear

driving force mass transfer coefficients (K, pr), several breakthrough
experiments of pure acids (unary solutions) were carried out. The two
parameters were correlated using experimental data and then validated by
simulating the breakthrough curve of a binary mixture containing the same
proportion of betulinic and oleanolic acids found in E. globulus extracts. The
outcomes of all experiments were modeled using Carta’s analytical solution. In
parallel, the method of moments was also used to obtain the transport
parameters. The results were consistent.

Lastly, the separation of betulinic and oleanolic acids by simulating moving bed
(SMB) has been studied, carrying out simulations using the transport
parameters obtained before from the breakthrough assays. Two different
column configurations (1-1-1-1 and 2-2-2-2) and column lengths (from 10 to 25
cm) were adopted. It was concluded that using an SMB unit is able to separate
betulinic and oleanolic acids with purity higher than 99 % both in extract and
raffinate for all the scenarios presented.

Posteriorly, the recovery of both triterpenic acids from the extract and raffinate
streams of a future process was also investigated, taking advantage of their low
solubility in water. Accordingly, the solubility of each triterpenic acid in solvent
mixtures of increasing water concentration was experimentally measured and
discussed.
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Nomenclature

List of abbreviations

A Asymmetry

AARD Average absolute relative deviation

ACN Acetonitrile

b; Equilibrium constant of the compound
BA Betulinic acid

C” Liquid phase concentration in equilibrium with q*
C; Concentration of component i in the fluid
CL-F Feed (upstream) concentration

CSS Cyclic steady state

d; Internal diameter of the column

dy Particle diameter

Dqy Axial dispersion coefficient

DoE Design of Experiments

EE-SMB Enriched Extract operation

E. globulus  Eucalyptus globulus

EtOH Ethanol

H; Equilibrium constant

HETP Height equivalent to a theoretical plate
HPLC High performance liquid chromatography
k' Retention factor

Kipr Global linear driving force driving force mass transfer coefficient
L Column length

LDF Linear Driving Force

LW, Left peak width at 5% of peak height
MeOH Methanol

m; Ratio between fluid and solid flow rates
N Theoretical plate number
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Number of global mass transfer units

Oleanolic acid

Peclet number

Productivity

Purity of raffinate

Purity of extract

Flow rate

Adsorbent capacity

Volumetric flow rate in section j for TMB unit
Volumetric flow rate in section j for SMB unit
Solid flow rate

Solid phase concentration in equilibrium with liquid phase
Resolution

Recovery of raffinate

Recovery of extract

Right peak width at 5% of peak height

Solvent consumption

Supercritical fluid extraction

Supercritical SMB

Simulated moving bed

Time

Switch time interval

Dead time of the column (for total liquid hold-up)
Dead time of the column (for interstitial liquid hold-up)
Duration of elution period in Carta’s solution
Feed pulse duration in Carta’s solution

Dead time of the plant without column

Retention time of compound i

Retention time of compound i

Retention time of the reference peak
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trotal Total dead time

TMB True moving bed

qi Solid phase concentration

U; Linear velocity

Uinst Interstitial velocity

Usolid Solid velocity in the TMB

U Superficial velocity

uv Ultraviolet

UVv/Vis Ultraviolet-visible spectroscopy

v Heterogeneity parameter

v Interstitial velocity of the fluid in the TMB
v Interstitial velocity of the fluid in the SMB
V. Column volume

Vioop Volume of the loop

Wh Peak width at half height

Whrefpeak  Peak width at half height of the reference peak

z Position variable
Greek letters

Selectivity

Safety margin

£ Bed porosity of the column

&p Particle porosity

& Total porosity of the column

A Wavelength

Ui it central moment in moment analysis method
Ur Fluid viscosity

& Capacity parameter

Py Fluid density

o? Variance



T Space time
Subscripts and superscripts

A More retained compound

Less retained compound

calc Calculated

E Solvent, eluent or desorbent
exp Experimental

F Feed

i Compound

J Column

R Raffinate

X Extract

[, 1, 1V SMB and TMB sections
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Objectives and structure of the thesis

The interest of pharmaceutical industry in natural products possessing a wide range
of biological and/or nutritional properties is increasing. The fact is inducing researchers to
investigate alternative sources for such compounds, mainly from biomass. Accordingly,
the main objective of this dissertation is to study the separation of a binary mixture
composed by two natural occurring triterpenic acids — betulinic acid and oleanolic acid —
through simulated moving bed (SMB).

To research plan towards the separation of triterpenic acids were selected the
mobile and stationary phases, determined and validated the transport parameters and
performed the SMB simulations. In order to obtain the equilibrium constant and the global
linear driving force mass transfer coefficient of both compounds, two methods were used.
In the first one, the parameters were obtained fitting a chromatographic model to the
experimental breakthrough curves, while in the second one they were determined through
the method of moments. The results were compared in order to assess the methods viability
and then used to perform the SMB simulations.

Additionally, aiming at the recovery of the pure molecules (betulinic and oleanolic
acids) from the SMB raffinate and extract streams, respectively, a solubility study was
experimentally performed. The compounds were dissolved in the chromatographic mobile
phase and increasing amounts of water were added. Since water decreases the solubility of
the two acids, their recovery can be easily accomplished by precipitation and subsequent
filtration/centrifugation from the raffinate and extract streams of a future SMB unit.

In terms of structure, this thesis is divided into five chapters. The first chapter
presents a review of the reported theoretical concepts. The second chapter contemplates
several aspects of the modeling of the adsorption system, which are the basis for the study
of the preparative chromatographic processes investigated in this work. The third chapter
refers to the materials, equipments and methods used for the execution of laboratory
experiments. The fourth chapter presents all obtained results, including their detailed
analysis and discussion. Finally, the fifth chapter encloses this work by gathering its

conclusions and future perspectives.
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Chapter 1

Introduction



Fossil fuel usage to produce energy is the main reason behind climate changes. The
high dependence on non-renewable energies and anthropogenic climate change are two
wired problems.! The overexploitation of fossil energy leads to the decay of its reserves,
which compels researchers to seek new sustainable resources. Among sustainable
resources, biomass is one of the most promising, hyped and heavily subsidized renewable
energy source.? Biomass is the organic material derived from living plants and through
biorefinery it is possible to convert it into biofuels, high added-value chemical products
and biomaterials.®> Besides being easily available in nature, biomass only emits carbon
dioxide that has been previously absorbed by plants (emission balance is null). However,
the increased use of biomass for energy production may threat conservation areas, cause
deforestation and pollute water resources, since liquid biofuel contributes to the acid rain
formation and decreases food security.?

A biorefinery is an industrial facility that converts biomass in bio-based products
(e.g. food and chemicals) and bioenergy (e.g. biofuels, power and heat). In biorefinery,
almost all types of biomass raw materials can be converted into different classes of
biofuels and biochemicals. Ultimately, the priority is to use resources, methods and
techniques with reduced impact to the environment and to obtain green and sustainable
final products.*

Besides being an interesting primary resource, biomass is widely used for the
extraction of other molecules, known as natural products. These compounds represent an
important source of drugs, considering the wide diversity of molecules with medicinal
potential.> Until a few years ago, they have been forgotten, mainly because the key
compounds present in natural products are often in small concentrations.® Terpenes are the
largest class of natural products and their characteristics depends on physical, chemical and
biological properties. They are mostly used in the industry as flavours, cosmetic products,
fragrances, and pharmaceuticals.’

This dissertation will focus on a subgroup of terpenes, more specifically triterpenic
acids, compounds that are abundant in the nature. The main goal is the separation of a
binary mixture of two triterpenic acids, betulinic acid (BA) and oleanolic acid (OA),
through high performance liquid chromatography (HPLC) techniques, in order to perform
their isolation by simulated moving bed (SMB) technology.



1.1.  Triterpenic Acids

Terpenes are organic compounds produced mainly by plants which are widely
abundant in nature. In mammals, terpenes are involved in the stabilization of cell
membranes and in metabolic pathways as regulators of enzymatic reactions. The
biotransformation of terpenes allows the production of stereoselective compounds, that
may be considered as natural products.® Triterpenic acids are terpenes with six isoprene
units that can be found in several plants, fruits and vegetables.

In Portugal, Eucalyptus globulus is the most dominant forest species, covering 812
thousand hectares.® Even though its timber is widely exploited as a fiber source by the
paper and pulp industry, the remaining parts of this tree — such as the bark, branches and
leaves — are treated as residues. These by-products, especially the bark residues, contain
circa 5.2 to 24.6 g of triterpenic acids per kilogram of bark.'° The major components of the
outer bark extract are triterpenic acids with lupane, ursane and oleanane skeletons, namely,
betulinic, betulonic, 3-acetylbetulinic, oleanolic and 3-acetyloleanolic acids.!

Betulinic (3p-hydroxy-lup-20-en-28-oic) and oleanolic (3p-hydroxyolean-12-en-
28-0ic) acids have been increasingly explored in the last decade due to their
pharmacological and nutritional properties.'? While betulinic acid has shown anticancer??,
antimicrobial4, anti-inflammatory®®, antimalarial'®, antioxidant!’, anthelmintic'® and anti-
HIV (human immunodeficiency virus)®!’ activities, oleanolic acid presents low toxicity,
anticancer?, antimicrobial?!, anti-inflammatory®? properties, as well as hepatoprotective
effect, one of the most important properties credited to this triterpenic acid.?

Betulinic and oleanolic acids, as shown in Figure 1.1, are constitutional isomers.
Their properties, allied to the difficulty of their separation, results in elevated prices
especially when they present a higher purity (reaching 620 €/g for betulinic acid with 98 %
of purity and 885 €/g for oleanolic acid with 97 % of purity).

CHs

HiC CHy

Figure 1.1 — Chemical structures of betulinic acid (on the left) and oleanolic acid (on the right).



These triterpenic acids can be extracted resorting to several methods, such as
supercritical fluid extraction (SFE), ionic liquids extraction and can be analysed
qualitatively and/or quantitatively by thin layer chromatography and high performance
liquid chromatography (HPLC), allied to ultraviolet (UV) and mass spectroscopy detection

systems.”

1.2.  Preparative Chromatography

Chromatography, originally applied at the beginning of the 20™ century, is now a
well-established technique widely used in the industry. This technique is common in the
analytic field, however, it is also expanding as a preparative process for the commercial
scale production.?®> HPLC is a batch chromatography technique and the separation is
achieved by injecting pulses of the solute mixture into a stream of mobile phase flowing
through a stationary phase, the chromatographic column. This technique is based on the
difference of affinities between the solute and the stationary phase. According to their
affinities, solutes migrate through the column at different speeds which enables their
separation. While the less retained compound will depart the column earlier, the more
retained compound takes longer to exit the column. The principle of adsorption
chromatography is depicted in the Figure 1.2.
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Figure 1.2 — Principle of adsorption chromatography (adapted from Schmidt-Traub?3).

Non-retained tracers, which are compounds that do not interact with the stationary
phase, exit the column first, originating the total dead time (t;,:q;)- These compounds
enable the determination of the total porosity (e;), bed porosity (¢) and particle porosity

(gp). Two examples of non-retained tracers on C30 columns (silica-based stationary



phases), are uracil and blue-dextran. Uracil can be used to determine the total porosity,
since it is small enough to penetrate the particle pores. Regarding blue-dextran, this
molecule can be used to determine the bed porosity, since it is not capable of penetrating
the particle pores due to its size.” The time each component takes to elute from the column
is called retention time (t,), and it can be determined by analyzing a chromatogram, as
shown in Figure 1.3.
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Figure 1.3 — Representative chromatogram (adapted from Schmidt-Traub 2>).

The retention time is determined from the maximum peak in case of symmetrical
peak shapes. In case of asymmetric peaks, the retention time has to be calculated from the
first central moment by moment analysis method.? The overall retention time of a retained
compound (t, ;) is the sum of the dead time (t,) and the net retention time (t; ; ;o). The
net retention time represents the time during which a compound is adsorbed onto the
surface of the adsorbent. The dead time of the plant (t,,4,.) has to be determined to obtain
the correct dead time of the column. The retention time of a compound depends on the
mobile phase, the flow rate and the column geometry. Then, the retention behavior has to
be normalized. The retention factor, that depends only on the distribution of the component
of interest between the mobile phase and the stationary phase and that represents the ratio
of time a compound is adsorbed to the time that is in the fluid phase, can be defined

according to Equation (1.1)%:

t.; —t
kl{ _ i 0 (1.1)



The main purpose of every chromatographic process is to separate dissolved
compounds, therefore the distance between the peaks in a chromatogram is of great
importance. The selectivity (a) of the separation of two compounds is determined
according to:

kg trp—to (1.2)

QA =—=
k1’4 tr,A_tO

By convention, the more retained compound is in the numerator, so the selectivity
of two components is always higher than the unity.?®

As this technique is a batch technique, it means the process is not continuous,
requires large amounts of solvent and makes an inefficient use of the column through
separation, being the productivity limited.?® A. Rajendran et al.?” used an analogy where
they consider a group of cats and turtles, see Figure 1.4, for understanding elution and
countercurrent chromatography. In Figure 1.4 (a), for elution chromatography, the cat,
representing the less retained compound, moves faster than the turtle (more retained
compound), which leads to a separation since the less retained compound exits first.
Relatively to Figure 1.4 (b), the cat and the turtle are running against the current through a
conveyor belt that moves in the opposite direction. Since the cat runs at a higher velocity
than the velocity of the conveyor belt, it will be sent to the right side, while the turtle will
be sent to the left side of the belt, because its speed is smaller than the speed of the
conveyor belt. The less retained compound (represented by the cat) and the more retained
compound (represented by the turtle) will be separated. The continuous countercurrent
chromatography is outlined in Figure 1.4 (c), where both the fluid and solid flow in
opposite directions. This continuous technique is more efficient and consumes less solvent
than batch elution chromatography, being critical in production costs. Continuous systems
also offer more flexibility, capability of automatic operations and constant product quality.
In this context, the true moving bed (TMB) technology, and its practical application, the

SMB technology, were developed.
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Figure 1.4 — Cat-turtle analogy for understanding elution and countercurrent chromatography: (a) Schematic and
analogy for elution chromatography; (b) Analogy for countercurrent chromatography; (c) Schematic for countercurrent
chromatography (adapted from A. Rajendran et al??).

1.3.  True Moving Bed and Simulated Moving Bed

TMB technology is a continuous chromatographic technique capable of offering
higher separation performance, higher productivity and smaller production costs in
comparison to batch chromatography, even when selectivities approach the unitary value.
In TMB, both phases flow simultaneously in countercurrent, allowing higher mass transfer
driving force since none of the phases is stationary.?® In Figure 1.5 it is represented a TMB
mechanism that is divided into four sections or zones. The feed, that is constituted by a
binary mixture of A and B, is constantly introduced between zone Il and zone Il and the
mobile phase (solvent) is introduced unceasingly into zone I. The extract (rich in the more
retained compound, A) and raffinate (rich in the less retained compound, B) are gathered at
the outlet of zones | and I11, respectively. The solid phase is recycled from zone IV to zone
| after regeneration and the mobile phase, properly purified, is recycled to zone I.
However, TMB technology has a serious disadvantage, the flow of the solid is hard to
execute causing mixing, attrition, mechanical erosion of the adsorbent and wearing of the

equipment, resulting in high maintenance costs.?"?
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Figure 1.5 — Schematic representation of a TMB unit (adapted from Aniceto, J. P. S. et al?®).

Due to this TMB technology problem, it has emerged a necessity to develop a more
practical approach. In 1961, it was introduced by Broughton and Gerhold?® the concept of
SMB as a practical implementation of the TMB process. The first applications of SMB
arise from petrochemical industry but nowadays they are also spreading to numerous
binary separations of enantiomers.®® The main differences between SMB and TMB
technologies is that in SMB there are several smaller fixed bed columns and the inlet and
outlet streams are periodically displaced in the direction of the fluid flow, contrary to the
single TMB column, simulating, in a discontinuous way, the continuous countercurrent
movement of the solid phase.?” After several cycles, the SMB unit achieves a periodic
steady state.>® The higher the number of SMB columns and the smaller the switch times,
the most it will be similar to TMB process. The limit situation is to have an infinite number
of SMB columns and an infinitesimal switch time. In this case, SMB is identical and
equivalent to TMB process.?®. A schematic representation of a SMB unit with a 3-3-3-3
column configuration for the separation of a binary mixture (A and B) is shown in Figure
1.6.
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Figure 1.6 — Schematic representation of a SMB unit (adapted from Aniceto, J. P. S et al. 26) for the separation of a binary
mixture of A (more retained compound) and B (less retained compound).

The SMB unit shown in Figure 1.6 is divided into four separation zones, two inlet
streams (feed and solvent) and two outlet streams (extract and raffinate). Each section or
zone is delimited by the position of the external streams in each cycle and have distinct
roles. In zone | the adsorbent is regenerated. Zone Il desorbs the less retained compound
(B) and zone 11l adsorbs the more retained compound (A). In zone IV the solvent is
regenerated. The inner arrow in clockwise direction shows the movement of the external
streams positions around the SMB unit every t* seconds, being the switch time (t°) a
critical parameter for obtaining high purity and productivity that represents the equivalent
solid velocity in TMB model®!. There are numerous methods that lead to the parameter
determination and prediction of internal concentration profiles, some more intricate and
some easier. One of the simplest ways for the determination of operating parameters is the
triangle theory, specified in the next chapter, which is only based on adsorption
equilibrium considerations.

All this interest in SMB technology led to the formulation of new concepts and the
design of non-conventional SMB operation modes®, such as the Varicol process®
notorious for the implementation of asynchronous inlet and outlet ports shifts; the

PowerFeed technique®** known by the modulation of the feed flow rate; the Modicon



process®**> where the feed concentration is varied; the M3C process®*®?", also known as
Enriched Extract operation (EE-SMB)® in which a portion of extract product is
concentrated and then re-injected in the SMB process at the same collection point; the semi
continuous two-zone SMB/chromatography®*#°; the one-column chromatography with
recycle analogous to a four-zone SMB*2, MultiFeed operation**** based on the
introduction of multi feed streams (using knowledge in distillation for the optimum
location of multiple feeds); the Outlet Swing Stream* where the more and less retained
compounds are collected non-continuously; the Pseudo-SMB process*®’ (also known as
JO process) which consists in two steps, in the first one the feed and desorbent enter the
system, operating as a fixed bed, while the intermediate product is recovered and in the
second step the feed stops and the unit works as a standard SMB unit where the less and
more retained compounds are collected; the Supercritical SMB (SF-SMB)*® making
possible to tuning the elution strength of the mobile phase in different zones of the SMB
unit, optimizing the separation performance; Gradient SMB“® manipulating both solvent or

temperature.
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Chapter 2

Modeling



2.1. Modeling Fundamentals

Mathematical modeling is indispensable and essential for the accurate control and
optimization of any process and chromatography is no exception. In general, to represent a
generic chemical engineering process it should be taken into account a set of equations
including material, energy and momentum balances, equilibrium relations, kinetic laws,
along with initial and boundary conditions.?®

This chapter will focus on the solid-liquid chromatographic separation of triterpenic
acids mixtures. Many sophisticated theories have been developed to describe the
adsorption of solutes in the whole concentration range, unfortunately, this problem is far
from being solved and most equations used in this area are empirical and approximate. All
models should consider the thermodynamic equilibrium, being this parameter
complemented with others, such as the convective transport through the column, external
and internal mass and eventually heat transfer limitations and axial dispersion.26>°
The most featured models in the literature are the equilibrium model, the equilibrium
dispersive model, the lumped kinetic model, and the general rate model.?6275! The
equilibrium model only takes into account the thermodynamic equilibrium and convective
transport along the bed, while the equilibrium dispersive model considers not only the two
assumptions mentioned, but also the effect of axial dispersion. The lumped kinetic model
is used to relate the rate of variation of the local concentration of solute in the solid phase
and the extent of the local deviation from equilibrium. Last, the general rate model uses the
concepts of mass transfer kinetics and the thermodynamic and material balance equations.
All the models embody the following assumptions: isothermal process, uniform bed, no
radial concentration gradients in the column, constant mobile phase velocity, negligible
mobile phase compressibility and stationary phase composed by particles of uniform

size.?6: %7
2.2.  Adsorption Isotherms

Adsorption equilibrium isotherm describes the distribution of solutes between
interacting phases. The adsorption isotherms can be determined resorting to several
techniques, some more accurate than others.?6°2 There are the classical static methods, like
the batch and the adsorption-desorption methods, and the dynamic methods, that contain

frontal analysis, perturbation method, elution by characteristic point, exploiting
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characteristic peak features, peak fitting method and influence of applied porosity.>? These
dynamic methods are faster and more accurate than static ones.>?
The linear isothermal model can be described as a particular case of the Langmuir

equation by?5:
q; = H;C; (2.1)

where q; represents the solid phase concentration and C; the concentration of component i
in the fluid.

However, in preparative chromatography, the operating conditions allow working
in a wide range of high concentrations which leads to deviations to the linear model. The

competitive Langmuir isotherm for a binary mixture is represented by?°:

_ Qab;C; - (2.2)
= i=1,2

qi

where Q4 signifies the adsorbent capacity and b; the equilibrium constants.

In some cases, the superposition of a linear term with slope H; to the Langmuir
model can improve the fitting to experimental data.?® So, the combination of Equation
(2.1) and Equation (2.2), results in:

Qab;C; (2.3)

q; = H;C; + i=12

"T 14 b,C, + b,C,

This combined model considers that the adsorbent has nonselective sites, represented by
H;, and selective sites, described by the Langmuir contribution.?®

There are other and more complex models that can be used, such as the bi-
Langmuir isotherm. This model contains two competitive Langmuir terms which can be

represented by?8:

_ Qab;iC; 4 QabiC; {=172 (2.4)
1+ b,C; +b,C, 1+ biCy+ byC, ’

qi

Langmuir-Freudlich isotherm is another model used for binary mixtures,

represented by Equation (2.5).26:%
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b,C™ (2.5)
= QAnl L i=1,2
1+ b,C™ + b,CJ?

qi

When n; =n, =1, Equation (2.5) results in Equation (2.2), the previous
competitive Langmuir model.

Finally, another isotherm used when Langmuir-type models do not provide an
appropriate fitting is the Toth isotherm. This model assumes that the solid surface has a
continuous and unimodal adsorption energy distribution and it can be represented by?®:

QabiC; (2.6)

qi = 1
v

[1+ (b1C1)Y + (b2C)7 )7

2.3.  Equilibrium Model

The most simplified chromatography theory is based on a simple equilibrium
model for a fixed-bed column. This model assumes plug flow, negligible axial dispersion,
mass transfer resistances and pressure and temperature gradients, as well as diluted

systems. The mass balance of species i in a volume element of the column is given
by26,55,56:

06 9G 1-edai _ (2.7)
Yisz "ot T e ot

where u; is the linear velocity, e represents the bed porosity of the column and q; is the
solid phase concentration in equilibrium with the liquid phase.

The adsorption equilibrium isotherm is generically represented by:
q; = f(C) (2.8)

Combining the previous two equations and using a cyclic relation between partial
derivatives, the velocity of propagation of a concentration C; can be expressed according to

Equation (2.9), where f'(C;) is the slope of the adsorption isotherm.®>:%¢

ucl. ==

(62) u; (2.9)

e 1412251
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The previous equations are the basis for the study of the dynamics of percolation
columns and the concepts of compressive and dispersive waves. Three cases with practical

interest are depicted in Figure 2.1.
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Figure 2.1 — Schematic diagram of concentration profiles inside the column and system responses in the cases of a)
linear, b) favorable and c) unfavorable isotherms.26

According to Figure 2.1 a), the isotherm derivative is constant and equal to H;, all
concentrations propagate at the same velocity. Regarding Figure 2.1 b), as the
concentration increases, the isotherm derivative decreases and higher concentrations move
faster. For the last case, Figure 2.1 c), the isotherm derivative increases as the

concentration grows and higher concentrations move slower.
2.4.  Moment Analysis Method

The moment analysis method is a theoretical strategy that can be employed to
obtain thermodynamic and kinetic model parameters (e.g. the equilibrium and transport
parameters) from the information provided by a chromatogram, transforming it into a small
number of temporal moments. These theoretical moments are able to describe, in a simple
manner, the essential data supplied by chromatograms and estimate performance
parameters of the separation of a mixture and also to optimize more easily the process.

One approach for the kinetic study of chromatography is to analyse the flow rate
dependence of the height equivalent to a theoretical plate (HETP).>® The general case,
linear isotherm and noncompressible system, was studied by some authors, such as van
Deemter®606162  The moment analysis method is an effective strategy to analyse

quantitatively the chromatographic behaviour. Axial dispersion (and in turn, the Peclet
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number, Pe (Equation (2.10))) and mass transfer limitation in the film and inside the

particle are considered.

Ujner L 2.1
Pe = inst ( 0)
Dax
where,
Uo 2.11
Uinst = — ( )

The corresponding equation to the first central moment match the retention time for

symmetric peaks (Equation (2.12)).

1 (2.12)
U =1t = (1+Ei)(1+ﬁ)
where ¢&; represents the capacity parameter.
The second central moment (Equation (2.13)) corresponds to the variance:
2 1 1+& 1+4¢€. (2.13)
Uy, =02 = .2( —)+2 fl+3 J
Nppr’t Pe Pe Pe?
where N} pr is the number of global mass transfer units.
The third central moment (Equation (2.14)) represents the skewness:
2
6 “1+€E)/ 1 . 3 (1+¢)3 (2.14)
H3 == $i3+6€l Pe I ( f +—+2>+12—il
NipF Nipr Npprl+ fi Pe Pe

14+ €&)3
200
Pe

Equilibrium and mass transfer parameters (H; and K, g, respectively) and axial
dispersion can be determined through optimization.
The expression for the HETP is derived from the first and second central moments,

resulting in Equation (2.15).%63
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poL (2.15)

where the theoretical plate number (N) is given by Equation (2.16).

t_r)z (2.16)

N = 5.545(
Wp

where wy, is the peak width at half height.

2.5.  Analytical Solution for Chromatographic Operations

Chromatographic behaviour, such as separation performance, sample retention or
elution peak profile depends on both the equilibrium and mass transfer parameters.%® In
order to design an SMB unit, those parameters must be known.

In analytical chromatography, the pulse signals can be interpreted as two steps
separated by a finite time interval. Giorgio Carta®*®® determined the analytical solution to a
partial differential equation model describing mass transfer in an adsorption bed, by
applying the LDF approximation, linear isotherms and neglecting axial dispersion. This
solution has the form of an infinite series and is rapidly convergent and it is given by:

Gi(t, L)
cf

— —e m2+w2gin

w 2% [1 _mNipr mnw mo
_ Wreed Z ( feed)cos< i

2w T m 2w w
m=1
_ MIWreea MmN pp _ mT[NLDF)
2w wé; m?2 + w? (2.17)
where,
W _ K;pr . (2.18)
feed T[Hl- feed
Kipr (2.19)
w = ZﬂHl- (tfeed + telution)
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1—¢ (2.20)

Nypr = Ky pr P
o, = Kipr . (2.21)
H;
1—¢ (2.22)
i = . H;

where tr..q represents the feed pulse duration in Carta’s solution and tpysion IS the
duration of elution period in Carta’s solution.

Analytic solution for linear chromatography have been presented in the form of
convergent series and can be applied directly to the calculation of the response to
rectangular feed injection pulses and to steady periodic operations with repeated injections,
considering intraparticle and external film mass transfer resistances.’® The
chromatographic model described herein was the one selected for the fitting of the
breakthrough curves.

2.6. SMB Modeling and Optimization

This section covers several aspects of the SMB modeling and optimization. All
material balances, equilibrium and kinetic equations, initial and boundary conditions, along

with the triangle theory and the performance indicators are listed.

2.6.1. SMB Modeling

Assuming axial dispersion plug flow pattern, the material balance for compound i

in fluid phase of column j is represented by Equation (2.23).”°

aCy; 0%C;; 0Cij 1—¢€0dqy (2.23)
ot Cexii gz T WG T T Ty

where D, represents the axial dispersion.
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Considering that the internal and external mass transfer resistances are taken in
linear driving force (LDF) coefficients, the material balance for compound i in solid phase
of column j can be approximated by’>°:

a4 .
Tl KLDF,ij(Qij - qij)

(2.24)
where K, ;5 is the global LDF mass transfer coefficient.

In the SMB technology, the solid phase is completely stationary and the
countercurrent movement of fluid and solid is simulated by an appropriate flow switching
sequence, unlike what happens in TMB, in which solid and fluid phases flow in opposite
directions.”®” There are several models developed in literature to predict the performance
of an SMB separation process. These models can follow two different strategies,
simulating the SMB system directly or considering TMB. The main difference is that the
TMB strategy embodies a continuous model with steady-state solutions, while the real
SMB strategy needs to be solved at the cyclic steady state (CSS).%

Considering the inlet and outlet are fixed, the interstitial velocity of liquid in SMB

unit is the sum of interstitial velocities of liquid and solid in TMB and it is given by”?3:°:
Vj* =7 + Ugoiid (225)

where v/’ is the interstitial velocity of the fluid in the SMB, v; is the interstitial velocity of
the fluid in the TMB and u,,;;4 IS the solid velocity in the TMB.
As the solid velocity in TMB is related to the switch time (¢t*) of SMB, the switch

time can be written as’28:5°:

L; (2.26)

where L is the column length.

The higher the number of columns per section the most accurate is the prediction of
an SMB unit performance by equivalent TMB model.

Considering single chromatography column and SMB unit, the combination of the
mass balance of component i in fluid phase of column j (Equation (2.23)) and the mass
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balance of component i in solid phase of column j (Equation (2.24)), can be represented by
Equation (2.27).7%°

aCU _ aZCij aCU_l—E

frd 4 b — — v. JR—
at axl g2 J 0z €

(2.27)

*

KLDF,ij(ij - q;j)

The initial time condition for Equation (2.27) is that C;; = C;;, Where Cj; o is the
inlet concentration. Regarding the initial and boundary conditions for the position variable,

they are as follow:

Dgy,ij 0Cij (2.28)
6Cij (2.29)

Equations (2.28) and (2.29) represents the famous Danckwerts conditions,
imposing no diffusive flux at the end of the column (z = L;) and equals the convective flux

of the upstream solution to the convective and diffusive fluxes at the bed entrance.?
Considering the isotherm described in Equation (2.1), the initial and boundary

conditions are denoted by Equation (2.28) and by’?6:°:
t=0 Cl=°=0 and qv°=0 or C*'=Cl and qf"' = qf; (2.30)
The component node balances used at end of column j (for z =L;) are as

fOl |OW7’28’51’55'

Internal Nodes: z = L; Cij=Cij+10 (2.31)

14 2.32
Eluent Node: Z=LJ CU =_:CU+1’O ( )
Uiy
(4 12 2.33
Feed Node: Z:L] CU:#CUﬁ‘l,O— fClF ( )
Ui 140
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where C/is the feed concentration.

The global balances to the nodes in the SMB are described by?’:28-:

Eluent Node: vy = vy + Vg (2.34)
Extract Node: v =V — vy (2.35)
Feed Node: Vi = vy + Vg (2.36)
Rafinate Node: vy =V — Vg (2.37)

To define the flow rates in each section in order to ensure the desired separation, it
must be defined some restrictions, allowing the possibility to recover the more retained
compound (A) from extract and the less retained compound (B) from raffinate stream.
These restrictions are established as shown in the following equations®:

Cc
Section I: QiCar >1 (2.38)
Qsqa,
C C
Section II: QuCsu >1 and QuCa <1 (2.39)
Qsqs,11 Qsqan
Cc C
Section 111 QuuiCr >1 and QuiCanr <1 (2.40)
Qsqs,111 Qsqa,m
c
Section IV: Ovlsw (2.41)
Qsqs,1v

where Qg is the solid flow rate and Q; is the volumetric flow rate in section j for a TMB

unit.

For a binary system with a linear adsorption isotherm, these restrictions can be

simplified to the following ones®®:
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Q; (2.42)

Section I: — > H,
Qs
Section II: u > Hg and Qu < H, (2.43)
QS Qs
Section I1I: @ >H, and % < Hp (2.44)
QS Qs
Section IV: % < Hg (2.45)
s

Assuming all of these inequalities are satisfied with the same safety margin 3

(B>1), the following equations can be written®®:

Q; (2.46)
Section I: =
o, P

. Qn (2.47)
Section 11: =
OHy P
1

Section I1I: Qui =— (2.48)
QsHy P
1

Section IV: Qry =— (2.49)
QsHg P

It is also possible to establish the global mass balances of the inlet and outlet of the

streams of the column?8:%5:

Qp = 0Q; — Qu (2.50)
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Qx =Q;—Qu (2.51)
QrF = Qu1 — Qu (2.52)

Qr = Qi1 — Qw (2.53)

The ideal situation corresponds to S =1, however, to achieve a complete

separation of a binary mixture, £ should be higher than 1. This margin reaches a maximum

1 H, (2.54)
<B< T,

The volumetric flow rates in the SMB unit can be determined through the TMB and

value as shown by®®:

SMB equivalence®:

0j = 0+ T—0; 2:55)

where Q; and Q; are the volumetric flow rates in the section j of a SMB and TMB unit,

respectively.

2.6.2. Equilibrium Theory for Linear Isotherms (Triangle Theory)

The triangle theory is commonly used for the optimization and simulation of SMB
processes since it is a practical and simplified approach to SMB design. In this approach, it
is assumed that the adsorption equilibrium is reached everywhere at every time. Mass
transfer resistances are not considered and axial dispersion is neglected.?®%% Based on

this theory, the ratio of fluid to solid flow rates (m;) can be represented through the

following equation®:

Qit* — &V, 2.56
m=-_"° =L,V (2:56)
Ve(l—&)
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where &, represents the total porosity of the column and V, is the column volume.

In the case of a linear isotherm, the restrictions for complete separation are given
by27‘28’51:

Hz <m, (2.57)
Hy < my < Hp (2.58)
H, < my; < Hy (2.59)
myy < Hy (2.60)

Equations (2.58) and (2.59) define a triangular region in the upper half of the (my,
mui) plane which corresponds to the operating conditions, and Equations (2.57) and (2.60)
delineate a rectangular region in the upper half of the (mi, miv) plane in terms to obtain a
complete separation.?” The projection of both planes are shown in Figure 2.2.
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Figure 2.2 — Complete separation region and SMB operation regimes on (a) (my, my;) plane and (b) (m, my) plane for the
binary separation of A and B considering linear adsorption isotherm (adapted from A. Rajendran et al 7').

2.6.3. SMB Performance Indicators

In order to analyze the performance of the SMB process, there are a few important
parameters that must be taken into account, especially the purity in the raffinate and in the
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extract (PuR and PuX, respectively), the recovery in the raffinate and in the extract (RecR
and RecX, respectively), the productivity (Prod) and the solvent consumption (SC). The
purity can be defined as the ratio between the concentration of the desired component and
the total concentration (Equation (2.61) and Equation (2.62)).26:275155

PuR = 100 CE (2.61)
UR = X ——
CR+CE

cx (2.62)
PuX =100 x X A%
CX + C

Recovery is defined as the ratio of the amount of component in the corresponding
product stream and the amount of the same component fed to the system (Equation (2.63)
and Equation (2.64)).26:2751:%

Ck 2.63

RecR = 100 X ——=2 (263
QrCp

Cx 2.64

RecX = 100 x X a1 (264
QFCA

The productivity is the total mass of feed processed per unit volume of the

adsorbent and per unit time (Equation (2.65)).26:2"5155

_Qp(Cy +C) (2.65)

Prod
T0 7

Finally, solvent consumption, can be defined as the volume of solvent used per unit

mass of the solutes in the feed (Equation (2.66)).26:2751.%

Qr +0Qr (2.66)

SC = ——F——7<
Qr(Ci + C§)
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Chapter 3

Material and Methods



3.1. Chemicals

HPLC grade methanol, water, acetonitrile, ethanol, isopropanol, ethyl acetate and
acetone were purchased from Sigma-Aldrich. Betulinic (purity > 98) and oleanolic (purity
> 98) acids were supplied from Aktin Chemicals, Inc and suffered no purification prior to
their use.

3.2. Equipment

The chromatographic studies were performed in three HPLC equipments: Gilson
HPLC system (Gilson, Inc., Middleton, WI, USA) equipped with a 305 isocratic controller
pump, a 306 gradient pump, a 805 manometric module, a 811C dynamic mixer and a 118
UV/Vis detector; Gilson HPLC system (Gilson, Inc., Middleton, WI, USA) equipped with
a Refractive Index Detector Model 131 and a 307 isocratic pump; and ThermoFisher
Scientific UltiMate 3000 UHPLC system equipped with a DIONEX UltiMate 3000 pump,
a DIONEX UltiMate 3000 column compartment and a DIONEX UltiMate 3000 diode
array detector. A Unipoint Gilson software (Gilson, Inc., Middleton, WI, USA) was used
to record automatically all the chromatographic runs in Gilson HPLC equipments and a
ThermoFisher Chromeleon 7 software was used to record automatically all the
chromatographic runs in UltiMate 3000 UHPLC equipment. To execute the breakthrough
experiments were used Azura P 4.1S pumps from Knauer. The Apollo C18 HPLC column
was purchased from Grace Davison Discovery Sciences and the Acclaim C30 column was
purchased from ThermoFisher Scientific. The characteristics of both columns are presented
in Table 3.1.

Table 3.1 — Characteristics of the columns used in the chromatographic assays.

Dimensions Particle diameter
Column Column packing
(L X d;, mm) (dp, pm)
Apollo C18 250 x 4.6 5 octadecylsilyl silica gel
Acclaim C30 250 x 4.6 5 triacontylsilyl silica gel
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3.3.  Chromatographic pulse experiments

The chromatographic pulse experiments performed in this work consisted of small
injection of 20 uL of feed at room temperature (approximately 20 °C). For the index
refractor detector, whenever the chromatographic peaks were not properly visible, the
volume of the loop was increased to 100 uL. These assays were conducted to select the
best mobile phase for the separation of betulinic and oleanolic acids (ca. 100 injections), to
analyze the samples gathered during the breakthrough experiments (ca. 1500 injections), to
study the effect of water addition (ca. 200 injections), to apply the moment analysis
method (ca. 50 injections) and to obtain all necessary calibration curves.

In moment analysis method it was also performed a set of chromatographic pulse
experiments. However, they were done resorting to the UltiMate 3000 UHPLC equipment,
using the software “Chromeleon 7” to record the chromatographic runs.

All the tested mobile phases and the related operating conditions are presented in
Table 3.2. Note that the assessment of the best mobile phase for the separation of betulinic
and oleanolic acids was performed in the Acclaim C30 column, the stationary phase under
evaluation. The supplementary work was performed on an Apollo C18 column.
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Table 3.2 — Operating conditions of HPLC system to perform the chromatographic assays for the test of the mobile phase
at room temperature (ca. 20 °C) using the Acclaim C30 column.

Type of Q Vioop A Cea Coa

Mobile phase )
detector = (mL/min) (uL) = (nm) | (mg/mL) (mg/mL)

MeOH
MeOH/H20
95/5 (%o, VIV)
MeOH/H20
90/10 (%, Viv)
MeOH/ACN
85/15 (%, vIv)
MeOH/ACN
70/30 (%, VIv)
MeOH/ACN
50/50 (%, viv)
MeOH/ACN
30/70 (%, VIv) 0.4
EtOH
EtOH/H20 0.4980 0.5040
90/10 (%, viv)
EtOH/ACN
50/50 (%, Viv)
EtOH/ACN
85/15 (%, viv)

210 | 0.09800 & 0.1016

UV/Vis

20

0.4000 0.4100

Isopropanol 0.5250 0.5250

Refractive index
Not Applicable

Isopropanol/ACN
50/50 (%, viv)
MeOH/acetone
50/50 (%, vIv)

Ethyl acetate 0.3 0.5000 0.5000

100 0.2450 0.2500

0.5150 0.5500
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3.4.  System characterization

Reversed phase columns are commonly applied to perform chromatographic
assays. When a reversed phase column is employed, the stationary phase is hydrophobic,
leading to the capture of hydrophobic molecules and allowing the polar molecules to elute
first. Reverse phase packings operate with polar mobile phases, mostly containing organic
solvents. For hydrophobic solutes, the retention time increases with the hydrophobic
character. The most common reversed phase packings are silicas with surface bonded long
chain n-alkyl groups, as both columns presented in this work.

Based on preliminary work performed in EgiChem group with the Acclaim C30,

bed porosity was assessed by determining the retention time of uracil, a non-retained
tracer. According to Equation (3.1), the retention time of uracil is plotted against L/uo

(ratio between column length and superficial velocity).

L
f ool (3.1)

In the same way, total porosity can be calculated by determining the retention time

of blue-dextran and plotting it against L/u05

L (3.2)
t‘l" = Et u_
0

Finally, the particle porosity can be determined by:

_ & "¢ (3.3)
LTS

For the Acclaim C30 column, the bed porosity is 0.356, the total porosity is 0.697
and the particle porosity is 0.530.

3.5.  Breakthrough curves experiments

The breakthrough experiments were conducted in a chromatographic unit installed
in EgiChem laboratory of CICECO. For these assays an analytical Acclaim C30 column

was used. The adsorption-desorption experiments were performed using four solutions for
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each acid and one solution for the binary mixture. For betulinic acid, the concentrations of
the solutions were 0.1991, 0.5973, 1.1946 and 1.9910 mg/mL. Relatively to oleanolic acid,
the following concentrations were used: 0.1989, 0.5967, 1.1934 and 1.9890 mg/mL. These
solutions should represent the full range of concentrations of each acid considering their
solubility in methanol/acetonitrile 50/50 (%, v/v) (consult Table 3.3). For the binary
breakthrough experiments the concentration of betulinic acid was 0.6610 mg/mL and the
concentration of oleanolic acid was 0.8350 mg/mL, aiming to simulate a real mixture from
E. globulus extracts, taking into account the mass fraction of betulinic (0.20 wt.) and
oleanolic (0.25 wt.) acids in those extracts.®®%® All solutions were diluted in
methanol/acetonitrile 50/50 (%, v/v), the mobile phase chosen to perform the separation of
these two triterpenic acids.

To perform the breakthrough experiments, the flow rate required was set and the
mobile phase was allowed to flow through the column. Once the system was stabilized, it
was switched to the feed pump to start the adsorption stage. To regenerate the column, the
mobile phase pump was turned on and the desorption stage begun. Several samples of the
outlet stream were collected along time in eppendorfs, that were later analyzed. Calibration
curves were performed with a flow rate of 1.20 mL/min, wavelength of 210 nm and at
room temperature (ca. 20 °C).

All breakthrough experiments were performed with a flow rate of 1.00 mL/min and
at room temperature. The extra column volume (the cumulative volume of non-selective

lines and fittings where the liquid is contained) is 0.381 mL.

3.6.  Triterpenic acids recovery

To recover the two triterpenic acids from the raffinate and extract, it was performed
a solubility study consisting in the addition of water in three distinct mobile phases:
methanol/acetonitrile  30/70 (%, v/v), methanol/acetonitrile 50/50 (%, v/v) and
methanol/acetonitrile 70/30 (%, v/v). The procedure is the same for all. A saturated
solution of each acid was prepared for each mobile phase. Different percentages of water
were added in order to evaluate its effect. Samples were then analysed (wavelength of 210
nm and flow rate of 1.20 mL/min). The saturated solutions were prepared based on the
solubility of both acids in the mobile phases as detailed in Table 3.3 (previous work

performed in EgiChem). Accordingly, the three solutions prepared to accomplish this study
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are shown in Table 3.4. To carry out this analysis, water content varied between 10 and 85
%. Note that, e.g, when it is said the solution has 10 % of water it means the whole

solution is composed by 90 % of the original one and 10 % by water.

Table 3.3 — Solubility (mg/mL) of betulinic and oleanolic acids in methanol/acetonitrile 30/70, 50/50 and 70/30 (%, v/v)
mixtures.

Solubility (mg/mL)

Mobile phase Betulinic acid Oleanolic acid
MeOH/ACN 30/70 (%, v/v) 1.440 1.620
MeOH/ACN 50/50 (%, v/v) 2.380 2.530
MeOH/ACN 70/30 (%, viv) 3.520 3.660

Table 3.4 — Concentration (mg/mL) of betulinic and oleanolic acids in methanol/acetonitrile 30/70, 50/50 and 70/30 (%,
v/v) mixtures.

Concentration (mg/mL)

Mobile phase Betulinic acid Oleanolic acid
MeOH/ACN 30/70 (%, viv) 1.424 1.556
MeOH/ACN 50/50 (%, v/v) 2.314 2.464
MeOH/ACN 70/30 (%, v/v) 3.409 3.518

3.7.  Moment analysis method

The moment analysis method was executed in order to obtain the transport and
mass transfer parameters, such as axial dispersion of both betulinic and oleanolic acids. To
perform the moment analysis method two solutions were prepared. The solution of
betulinic acid has a concentration of 0.152 mg/mL and the solution of oleanolic acid has a
concentration of 0.169 mg/mL. Both solutions were diluted in methanol/acetonitrile 50/50
(%, VIV).

To implement this method, chromatographic experiments were performed at seven

different flow rates from 0.13 to 1.00 mL/min. The retention times of both acids were
plotted against L/uinst (ratio between column length and interstitial velocity), where the

interstitial velocity (u;) can be calculated by Equation (3.4),

Ug (3.4)

Uinst = —
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From the chromatograms of each run several parameters were withdrawn, such as
the first central moment, the second central moment (o2), the third central moment
(skewness), the peak width at half height (w}), the asymmetry (A) (Equation (3.5)), the
resolution (R) (Equation (3.6)) and the number of theoretical plates (Equation (2.16)).

_ RWiy, + LWsy, (3.5)
2 X LW,
R = 1.18 x < tref,peak -t > (3-6)
Whrefpeak — Wh

The second central moment was plotted against the interstitial velocity.
Additionally, it was represented the profile of HETP against the interstitial velocity, to
demonstrate the flow rate dependence of HETP. This representation can provide not only
certain kinetic parameters, but also the optimum flow rate, i.e., the flow rate that offers the
best separation for a binary mixture containing the components under study. This value is
obtained from the minimum of the function.

The equilibrium and mass transfer coefficients, such as the axial dispersion, were
determined through optimization in MATLAB.
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Chapter 4

Results and Discussion



4.1.  Elution chromatography assays for mobile phase selection

Preliminary elution experiments were performed with the intent of selecting the

most efficient mobile phase for the separation of betulinic and oleanolic acids with the

Acclaim C30 column. The retention behavior of C30 stationary phases is strongly

dependent on the temperature and the best separation is obtained at lower temperatures.®”%8

Thus, all chromatograms were obtained at approximately 20 °C. The retention times,

retention factors and the respective selectivities for each mobile phase are shown in Table

4.1.

Table 4.1 — Outcomes of the preliminary elution experiments for the selection of mobile phase for the separation of

betulinic (BA) and oleanolic (OA) acids with the Acclaim C30 column at 20 °C.

Mobile phase
MeOH
MeOH/H20
95/5 (%, viv)
MeOH/H20
90/10 (%, viv)
MeOH/ACN
85/15 (%, V/v)
MeOH/ACN
70/30 (%, VIv)
MeOH/ACN
50/50 (%, viv)
MeOH/ACN
30/70 (%, viv)
EtOH
EtOH/H20
90/10 (%, v/v)
EtOH/ACN
50/50 (%, viv)
EtOH/ACN
85/15 (%, viv)
Isopropanol
Isopropanol/ACN
50/50 (%, viv)
Ethyl acetate
MeOH/acetone
50/50 (%, viv)

tr (min)

BA OA
11.54 12.25
15.59 17.07
24.89 28.44
12.26 13.2
13.12 14.38
14.24 15.83
15.405 17.32
8.28 8.28
10.19 10.64
10.55 11.22
8.63 8.84
8.15 8.15
10.25 10.76
10.33 10.33
10.06 10.63
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Retention factor, k;

BA
0.59

1.15

2.43

0.69

0.81

0.96

1.12
0.14
0.40

0.45

0.19
0.12
0.41
0.42
0.39

OA
0.69

1.35

2.92

0.82

0.98

1.18

1.39
0.14
0.47

0.55

0.22
0.12
0.48
0.42
0.46

Selectivity

Xo4a/BA
1.16

1.18
1.20
1.19
1.22
1.23

1.24
1.00
1.15

1.21

1.15
1.00
1.17
1.00
1.20



Initially, the chromatographic experiments were performed in a UV/Vis detector to
test the mobile phases containing methanol, water and acetonitrile. Since detection of the
triterpenic acids is conducted at 210 nm, UV detection can only be used for the solvents
mentioned above due to their lower UV cutoff.

The necessity for testing new mobile phases composed of “greener” solvents, led to
the use of a refractive index detector, a universal detector based on the difference of the
refractive indexes of the analyzed components. The obtained selectivities are available for
consultation in Figure 4.1. These assays allow us to understand that the addition of water to
methanol and ethanol improves the separation. This phenomenon also occurs in the
addition of acetonitrile to methanol, ethanol and isopropanol. In ethanol, isopropanol and
ethyl acetate, the triterpenic acids present selectivities of 1, i.e., the retention factors and
subsequently the retention times were equal for betulinic and oleanolic acids, displaying
that the separation did not occur. The mobile phases with higher selectivities were
methanol/acetonitrile 70/30, 50/50 and 30/70 (%, v/v). These three mobile phases exhibited
high resolutions, however the solubility of the triterpenic acids varied significatively (see
Table 3.3). The mobile phase selected for the following assays was methanol/acetonitrile
50/50 (%, v/v), since it showed better compromise between selectivity, solubility and
resolution. The chromatogram obtained with this mobile phase is shown in Figure 4.2, the
remaining chromatograms can be found in Appendix A.

1.25
1.20
Fry
S 115
48 W UV/Vis Detector
< 1.10
e Refractive Index
1.05 Detector
1.00
S QRO O > O K@ O
Qe Oo) 0)0 oo<o ,\00’ %0% ,,)Q/\ & o)o\’%c > & c)QS? & %0'?’
PO S o@é«océv“&
\\2\ \V‘ \s \V \?‘ \ \2 \?‘ OQ \2 (\*\ <O
OO OQ\&Q* NS Qo\ ‘{,‘\é”
X
*\v@@@s & & &

N
&

Mobile Phase (%, v/v)

Figure 4.1 — Chromatographic selectivities for the separation of betulinic and oleanolic acids with the Acclaim C30
column.
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Figure 4.2 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.09800 mg/mL) and oleanolic (OA, 0.1016

mg/mL) acids using an Acclaim C30 column with methanol/acetonitrile 50/50 (%, v/v) as mobile phase. Flow rate of 0.4
mL/min, UV detection at 210 nm, injection volume of 20 ulL and 20 ©C.

4.2.  Triterpenic acids recovery

The solubility study performed in this section (the recovery of triterpenic acids into
a saturated solution of betulinic and oleanolic acids) aims to understand the amount of
water necessary to add to a solution in order to recover the triterpenic acids by
precipitating. That way, the solute can be recovered, and through distillation, the water can
be separated from the mobile phase. The triterpenic acids reveal different behaviors, as
displayed in Figures 4.3, 4.4 and 4.5. Note that the points where the percentage of water is
zero represent the concentration of the initial saturated solutions. The curves are lines to
guide the eyes.

Overall, betulinic acid presents a constant behavior regardless the used mobile
phase. The obtained results disclose that a solution containing about 45 % of water (%,
v/v) precipitates almost completely this acid (over 98 %). Oleanolic acid exhibits a peculiar
behavior since mobile phases containing higher proportions of methanol lead to a quicker
precipitation of the acid. (e.g. for methanol/acetonitrile 30/70 (%, v/v), the solution needs
30 to 35 % of water (%, v/v) to decrease the acid concentration to half, while for
methanol/acetonitrile 50/50 (%, v/v) it is only necessary less than 20 % of water (%, v/v),
and for methanol/acetonitrile 70/30 (%, v/v), less than 15 % of water (%, v/v) is sufficient
to cut acid concentration to 50%). Nevertheless, for all the mobile phases tested, a solution
containing about 50 % (%, v/v) of water precipitates nearly all the oleanolic acid (over 96
%).
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Figure 4.3 — Solubility of betulinic and oleanolic acids in methanol/acetonitrile 30/70 (%, v/v) aqueous mixtures as
function of water content (%, v/v) at 20 °C.
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4.4 — Solubility of betulinic and oleanolic acids in methanol/acetonitrile 50/50 (%, v/v) aqueous mixtures as
function of water content (%, v/v) at 20 2C.
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Figure 4.5 — Solubility of betulinic and oleanolic acids in methanol/acetonitrile 70/30 (%, v/v) aqueous mixtures as
function of water content (%, v/v) at 20 2C.
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4.3.  Breakthrough curves and transport parameters determination

The breakthrough experiments to determine the equilibrium constants and the
global linear driving force mass transfer coefficients were performed in the range of 0.20 —
2.00 mg/mL for both acids at a flow rate of 1.00 mL/min and 20 °C. The experimental
breakthrough curves for betulinic and oleanolic acids are exhibited in Figures 4.6 and 4.7,
respectively. The chromatographic model used was the Carta’s analytical solution, as
described in section 2.5. The optimization of the equilibrium constant and the global mass
transfer coefficient was performed in MATLAB by fitting Equations (2.17) — (2.22) to the
experimental data. The outcomes are shown in Table 4.2. The average absolute relative
deviation (AARD) was used as objective function and also to assess the goodness of the fit.

NDP

100
NDP .
l=

Ccalc _ Cexp (4-1)

AARD =

Cexp
1

Overall, the results obtained were satisfactory with AARDs below 8 %. These
results also disclose that the isotherm is linear in the range of the experimental conditions,
as assumed initially. Note the pulse time for all experiments was 29 minutes, except for the
breakthrough curve of betulinic acid with a concentration of 1.9910 mg/mL. This means
the adsorption stage finishes at 29 minutes, 20 minutes for the exception stated. After this
period, the desorption phase begins.

Table 4.2 — Optimized parameters using Carta’s analytical solution.

, in-l 0

Triterpenic acid H; Kypr (min”) AARD (%)
Betulinic acid 1.50 520 7.65
Oleanolic acid 1.70 2392 4.33
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Figure 4.6 — Breakthrough curves of betulinic acid with the Acclaim C30 column and methanol/acetonitrile 50/50 (%, v/v)
as mobile phase. Flow rate of 1.00 mL/min, UV detection at 210 nm and 20 °C. Full line represents Carta’s solution.
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Figure 4.7 — Breakthrough curves of oleanolic acid with the Acclaim C30 column and methanol/acetonitrile 50/50 (%,
v/v) as mobile phase. Flow rate of 1.00 mL/min, UV detection at 210 nm and 20 °C. Full line represents Carta’s solution.
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4.4.  Binary system results

The parameters determined for the pure compounds (consult Table 4.2) were used
to predict the behavior of breakthrough curves of binary mixtures of betulinic and
oleanolic acids. To validate these parameters, a binary run was conducted as explained in
section 3.5. The results for the binary mixture are presented in Figure 4.8. As can be seen,
the parameters determined previously for the pure acids were able to predict properly the
chromatographic separation with AARDs of 3.69 % and 8.42 % for the betulinic and
oleanolic acid breakthrough curves, respectively. The results confirmed the absence of
competitive effects and validated the optimized parameters for use in subsequent SMB
simulations. The pulse time for this experiment was 29 minutes, so the adsorption stage
ends when the time reached 29 minutes, while the desorption stage begun at 29 minutes till
the end of the experience.
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Figure 4.8 — Breakthrough curves of a binary mixture of betulinic and oleanolic acids with the Acclaim C30 column and
methanol/acetonitrile 50/50 (%, v/v) as mobile phase. Flow rate of 1.00 mL/min, UV detection at 210 nm and 20 2C. Full
line represents Carta’s solution.
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4.5.  Moment analysis method

In this work, the moment analysis method was implemented in order to analyze
quantitatively the chromatographic process and to compare the results obtained with the
ones acquired through the fitting of the breakthrough curves, for both acids. This well-
established method uses the information condensed in a chromatogram and converts it into
a relatively small number of temporal moments, as explained in section 2.4. To perform
the chromatographic experiments, the flow rates used were 0.13, 0.20, 0.40, 0.55, 0.70,
0.90 and 1.00 mL/min. The first and second central moments were plotted against L/ui and

ui, respectively, as shown in Figures 4.9 and 4.10.
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Figure 4.9 — Representation of the first central moment for: (a) betulinic acid; (b) oleanolic acid.
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Figure 4.10 — Representation of the second central moment for: (a) betulinic acid; (b) oleanolic acid.

The graphics obtained are as expected, the retention time (representing the first

central moment) increases linearly with the decrease of the interstitial velocity (since the
column length is constant, the ratio L/ui increases with the decrease of u;) and the variance

(second central moment) decreases infinitely, tending to zero the higher the interstitial

velocity.
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Equilibrium constant, global mass transfer coefficient and axial dispersion were
optimized in MATLAB by fitting Equations (2.10), (2.12), (2.13), (2.20) and (2.22) to the

experimental data shown in Figures 4.9 and 4.10. Results are reported in Table 4.3.

Table 4.3 — Parameters obtained with the moment analysis method.

2/pni ] -1

Triterpenic acid D (cm*/min) H; Kypp (Min”)
Betulinic acid 3.96 x 1073 1.47 4578
Oleanolic acid 5.21x 1073 1.64 9974

The H; values are slightly lower than those obtained before from the
chromatographic model, however, they can still represent precisely the behavior of
breakthrough curves for both acids. The mass transfer coefficients are larger than the ones
shown in Table 4.2. Nevertheless, they are an accurate estimate since K, values in that
order of magnitude simply mean there is no resistance to mass transfer (e.g. when K, ,r has
a value of 2392 min! or a value of 9974 min, the mass transfer resistance is negligible).

The results from axial dispersion values are also as expected. In Figures 4.11 and
4.12 are show the breakthrough curves of betulinic and oleanolic acids modelled with
parameters from Table 4.3 with AARDs of 8.76 % and 9.94 % for the betulinic and
oleanolic acid breakthrough curves, respectively.
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Figure 4.11 — Breakthrough curves of betulinic acid using parameters obtained by moment analysis method with the
Acclaim C30 column and methanol/acetonitrile 50/50 (%, v/v) as mobile phase. Flow rate of 1.00 mL/min, UV detection
at 210 nm and 20 ©C. Full line represents Carta’s solution.
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Figure 4.12 — Breakthrough curves of oleanolic acid using parameters obtained by moment analysis method with the
Acclaim C30 column and methanol/acetonitrile 50/50 (%, v/v) as mobile phase. Flow rate of 1.00 mL/min, UV detection
at 210 nm and 20 °C. Full line represents Carta’s solution.

Finally, in order to demonstrate the flow rate dependence of HETP, it was
represented the HETP against the interstitial velocity for both acids, as shown in Figure
4.13. As can be seen, the optimum flow rate to perform separations with betulinic and
oleanolic acids is achieved at an interstitial velocity of 6.76 cm/min, which is equivalent to

a flow rate of 0.40 mL/min for the Acclaim C30 column.
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Figure 4.13 — Flow rate dependence of HETP for oleanolic and betulinic acids (Van Deemter plot).
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4.6.  Simulation of SMB separation of BA/OA mixtures

The separation of betulinic and oleanolic acids was studied via SMB simulations,
using preparative Acclaim C30 columns using a program developed in EgiChem group.
The triangle theory was applied to determine the ideal conditions and the optimal region of
binary separation. The transport parameters obtained from the breakthrough assays (see
Table 4.2) were used in these simulations. The K, values used meet the triangle theory
approach, since it does not consider mass transfer resistances. Since the moment analysis
method is a reliable method and it gives an accurate estimation of the transport parameters,
the values of the axial dispersion coefficient were the ones obtained by this method (see
Table 4.3). The composition of the mixture to be fed into the SMB unit was defined taking
into consideration the ratio of the triterpenic acids in extracts of E. globulus (consult
section 3.5.). Consequently, a total concentration of 2.00 mg/mL was established, giving
rise to 0.8890 and 1.1110 mg/mL of betulinic and oleanolic acids, respectively.

A total of six different scenarios were studied, employing two different
configurations, 1-1-1-1 and 2-2-2-2 column configuration, i.e., one/two columns per
section with a total of four sections, where all columns possess the characteristics of an
Acclaim C30 column. Different column lengths were studied (10, 15, 20 and 25 cm of
column length), where the flow rates in the first section (Q") are also different. The
maximum flow rate allowed was calculated using the Ergun equation (Equation (4.2)),
considering the pressure drop limitations of the unit (maximum 30 bar). All necessary

parameters for the simulations are listed in Table 4.4.

AP 150ug jur (1 — ¢)? N 1.75pfug ;> 1 — ¢ (4.2)

L dpz 3 d, g3
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Table 4.4 — Simulation parameters for the separation of betulinic and oleanolic acids by SMB with Acclaim C30 as
adsorbent and methanol/acetonitrile 50/50 (%, v/v) as mobile phase, at 20 C.

Parameter Scenariol Scenario2  Scenario3 Scenario4 Scenario5 Scenario 6
Configuration 2-2-2-2 2-2-2-2 2-2-2-2 2-2-2-2 1-1-1-1 1-1-1-1
L; (cm) 10 15 20 25 10 25
d; (cm) 2.2 2.2 2.2 2.2 2.2 2.2
d, (um) 5 5 5 5 5 5
Q7 (mL/min) 27.49 18.33 13.75 11.00 27.49 11.00
£ 0.356 0.356 0.356 0.356 0.356 0.356
¢k, (mg/mL) 0.889 0.889 0.889 0.889 0.889 0.889
¢t , (mg/mL) 1.111 1.111 1.111 1.111 1.111 1.111
Hg, 1.50 1.50 1.50 1.50 1.50 1.50
Hg, 1.70 1.70 1.70 1.70 1.70 1.70
Kiprga (Min) 340 340 340 340 340 340
Kiproa (Min?) 335 335 335 335 335 335
D 4, g4 (cm?min)
3.96 3.96 3.96 3.96 3.96 3.96
x 1073
D4y 04 (cm?min)
5.21 5.21 5.21 5.21 5.21 5.21
x 1073
B 1.000 1.000 1.000 1.000 Variable Variable

For each scenario the productivity was maximized by defining a minimum purity of
99 %. From scenarios 1 to 4 it was always possible to operate at maximum productivity
(represented by the triangle vertex, where B equals 1), as the purities in the extract and
raffinate were always above 99 %. The separation region for scenarios 1 to 4 is represented
by the triangle theory in Figure 4.14 and the ultimate set of optimum conditions applied to

the SMB unit, for these scenarios, are displayed in Table 4.5.
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Table 4.5 — Simulation outcomes for the SMB separation of betulinic and oleanolic acids using Acclaim C30 columns as
adsorbent and methanol/acetonitrile 50/50 (%, v/v) as mobile phase, at 20 C.

Parameter Scenario 1 Scenario 2 Scenario 3 Scenario 4
¢* (min) 2.01 4.51 8.02 10.03
CSS initial cycle 20 20 20 20
Number of cycles 25 25 25 25
my; 1.50 1.50 1.50 1.50
my; 1.70 1.70 1.70 1.70
Q;; (mL/min) 25.02 16.68 12.52 10.01
Q;;; (mL/min) 27.49 18.33 13.75 11.00
Q;y (mL/min) 25.02 16.68 12.52 10.01
Q; (mL/min) 2.47 1.65 1.23 0.99
Q}; (mL/min) 2.47 1.65 1.23 0.99
Qx (mL/min) 2.47 1.65 1.23 0.99
Qr (mL/min) 2.47 1.65 1.23 0.99
SC (m¥/kg) 1.00 1.00 1.00 1.00
RecX (%) 96.15 97.28 97.85 98.01
RecR (%) 96.58 97.57 98.05 98.19
PuX (%) 99.60 99.97 99.98 100.00
PuR (%) 99.27 99.91 100.00 99.99
Prod
23.37 10.39 5.85 4.68

(kg/(m3adsorbent daY))
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Figure 4.14 — Location of the optimum separation region (red circle) in terms of purities in the (m,, my;) plane for
scenarios 1, 2, 3 and 4 for the SMB separation of betulinic and oleanolic acids using Acclaim C30 columns as adsorbent
and methanol/acetonitrile 50/50 (%, v/v) as mobile phase, at 20 °C.

Regarding scenarios 5 and 6, a design of experiments (DoE) was conducted to
optimize the separation of the two triterpenic acids, consisting of two continuous factors,
the flow rates in section Il and I1l. This method aimed to maximizing the productivity and
achieving purities in the extract and raffinate above 99 %. The results of the simulations
are presented in Table 4.6 and the optimization domain is represented in Figures 4.15 and
4.16 for scenario 5 and scenario 6, respectively.

Table 4.6 — DoE for the optimization of the SMB separation of betulinic and oleanolic acids using Acclaim C30 columns as
adsorbent and methanol/acetonitrile 50/50 (%, v/v) as mobile phase, at 20 °C.

) PuX PuR Prod
Scenario B my; myy
(%) (%) (kg/ (mgadsorbent day))
1.000 1.50 1.70 93.58 89.76 46.75
1.020 1.53 1.67 98.90 98.17 31.64
Scenario 5 1.025 1.54 1.66 99.27 98.73 27.98
1.030 154 1.65 99.49 99.08 24.37
1.050 1.57 1.62 09.85 99.68 10.34
1.000 1.50 1.70 97.04 96.24 7.48
1.010 1.51 1.68 99.62 99.14 6.26
Scenario 6
1.020 1.53 1.67 100.00 99.66 5.06
1.030 1.54 1.65 100.00 99.83 3.90
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Figure 4.15 — Optimization domain for scenario 5 for SMB separation of betulinic and oleanolic acids using Acclaim C30
columns as adsorbent and methanol/acetonitrile 50/50 (%, v/v) as mobile phase, at 20 °C. The red circles represent the
simulations conducted.
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Figure 4.16 — Optimization domain for scenario 6 for SMB separation of betulinic and oleanolic acids using Acclaim C30
columns as adsorbent and methanol/acetonitrile 50/50 (%, v/v) as mobile phase, at 20 2C. The red circles represent the
simulations conducted.
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The concentration profiles of betulinic and oleanolic acids in scenarios 2 to 6 such
as the concentration histories in the raffinate and extract streams are displayed in Appendix
B, for all the SMB simulations conducted. As example, for scenario 1, the concentration
profiles of betulinic and oleanolic acids are represented in Figure 4.17 and the
concentration histories in the raffinate and extract streams are represented in Figures 4.18
and 4.19, respectively.

As can be noticed in Table 4.5, scenarios 1 to 4 allow the separation of betulinic
and oleanolic acid with purities higher than 99.60 % in the extract and higher than 99.25 %
in the raffinate. The bigger the column length, the greater the purity, the minor the
productivity and the smaller the flow rate in section I. Also, the productivity undergoes a
decrease of almost 5 times when the column length increases from 10 cm to 25 cm. Taking
these results into account, the smaller columns (10 cm of column length) are the most
viable choice since they allow lower adsorbent costs and lower pressure drop.

Concerning scenario 5, where the configuration was 1-1-1-1 with column length of
10 cm, the DoE study permitted to reach the optimum productivity for purities above 99 %
both in extract and raffinate through the simulation conducted with g equal to 1.030. For
scenario 6, the simulation performed with g equal to 1.010 achieved the maximum
productivity, giving purities of 99.62 % and 99.14 % in the extract and in the raffinate,
respectively.

Contemplating the results of all scenarios and aiming to lower costs and purities
above 99 % in the extract and raffinate, the best outcome was found for a 1-1-1-1
configuration with column lengths of 10 cm. The productivity achieved assumed a value of
24.37 kg/(m3dsorbent day) with a purity of 99.49 % in extract and 99.08 % in the raffinate.
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Figure 4.17 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 2-2-2-2 and
column lengths of 10 cm (B equal to 1.000).

0.0 = = v .
0 50 100 150 200

Switch number
Figure 4.18 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for

simulations with configuration 2-2-2-2 and column lengths of 10 cm (8 equal to 1.000). Full black line represents the
average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure 4.19 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 2-2-2-2 and column lengths of 10 cm (8 equal to 1.000). Full black line represents the
average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Chapter 5

Conclusion and Future Perspectives
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Conclusions

The separation of two naturally occurring triterpenic acids, betulinic and oleanolic
acids, was studied with the objective of implementing their continuous separation using an
SMB technology. Elution chromatography assays were conducted in an Acclaim C30
column to choose the most suitable mobile phase. A mobile phase containing
methanol/acetonitrile 50/50 (%, v/v) was selected as it was a good compromise between
selectivity and solubility of the target molecules. Afterwards, breakthrough experiments of
pure acids solutions were run to determine equilibrium and mass transfer coefficients,
since both were necessary to perform simulations of an SMB unit with a feed mixture
representative of a natural extract of E. globulus. These parameters were then successfully
validated in the prediction of a breakthrough curve of binary mixtures of betulinic and
oleanolic acids. The moment analysis method was explored and validated, achieving
consistent values with the ones obtained from the breakthrough curves. The SMB
simulations were accomplished by varying the column lengths from 10 to 25 cm with two
different configurations, 1-1-1-1 and 2-2-2-2. It was demonstrated that the SMB unit can
achieve purities of at least 99 % in the raffinate and extract streams, for all the scenarios
presented. Concerning the simulations with configuration 2-2-2-2, although scenario 1
presents the lowest purities (though always above 99 %), the achieved productivity is
higher, due to the smaller column length. However, the best result comes from a simulation
with configuration 1-1-1-1, where the purities are higher than 99 % for extract and
raffinate, and the productivity presents a value of 24.37 kg/(m3adsorbent day). Additionally,
aiming at the recovery of the pure betulinic and oleanolic acids from the raffinate and
extract streams, it was performed a solubility study where the solubility of betulinic and
oleanolic acids in solvent mixtures of increasing water concentration was experimentally

measured and discussed.

Future Perspectives

Hereafter, it is also worth exploring even more solvents to act as mobile phase and
different stationary phases. It is important to perform tests in preparative columns in order
to compare and evaluate the parameters achieved with the analytical column. Moreover, it
is envisioned to expand the SMB simulations to a real unit in order to optimize the

operating conditions and to validate the results presented throughout this work.
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Appendix A

This appendix contains all chromatograms obtained with Acclaim C30 column in
the preliminary pulse experiments of the study of the separation of betulinic and oleanolic
acids by SMB. The chromatograms achieved using a UV/Vis detector are available from
Figure A.1 to Figure A.7. Concerning the chromatograms accomplished using a refractive

index detector, these are presented from Figure A.8 to Figure A.17.
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Figure A.1 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.09800 mg/mL) and oleanolic (OA, 0.1016
mg/mL) acids using an Acclaim C30 column with methanol as mobile phase. Flow rate of 0.4 mL/min, UV detection at
210 nm, loop volume of 20 ulL, and 20 °C.

Mobile phase: methanol/water 95/5 (%, v/v)
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Figure A.2 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.09800 mg/mL) and oleanolic (OA, 0.1016
mg/mL) acids using an Acclaim C30 column with methanol/water 95/5 (%, v/v) as mobile phase. Flow rate of 0.4
mL/min, UV detection at 210 nm, loop volume of 20 uL, and 20 ©C.
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Mobile phase: methanol/water 90/10 (%, v/v)

750 : . .
)
500 i
>
E
© 250 - i
D
? —.__Lﬂ/\/w\
0 1 L 1 | | | B
0 5 10 15 20 25 30 35

Time (min)

Figure A.3 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.09800 mg/mL) and oleanolic (OA, 0.1016
mg/mL) acids using an Acclaim C30 column with methanol/water 90/10 (%, v/v) as mobile phase. Flow rate of 0.4
mlL/min, UV detection at 210 nm, loop volume of 20 uL, and 20 °C.

Mobile phase: methanol/acetonitrile 85/15 (%, v/v)
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Figure A.4 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.09800 mg/mL) and oleanolic (OA, 0.1016
mg/mL) acids using an Acclaim C30 column with methanol/acetonitrile 85/15 (%, v/v) as mobile phase. Flow rate of 0.4
mlL/min, UV detection at 210 nm, loop volume of 20 uL, and 20 ©C.

Mobile phase: methanol/acetonitrile 70/30 (%, v/v)
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Figure A.5 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.09800 mg/mL) and oleanolic (OA, 0.1016
mg/mL) acids using an Acclaim C30 column with methanol/acetonitrile 70/30 (%, v/v) as mobile phase. Flow rate of 0.4
mL/min, UV detection at 210 nm, loop volume of 20 uL, and 20 ©C.
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Mobile phase: methanol/acetonitrile 50/50 (%, v/v)
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Figure A.6 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.09800 mg/mL) and oleanolic (OA, 0.1016
mg/mL) acids using an Acclaim C30 column with methanol/acetonitrile 50/50 (%, v/v) as mobile phase. Flow rate of 0.4
ml/min, UV detection at 210 nm, loop volume of 20 uL, and 20 °C.

Mobile phase: methanol/acetonitrile 30/70 (%, v/v)
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Figure A.7 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.09800 mg/mL) and oleanolic (OA, 0.1016
mg/mL) acids using an Acclaim C30 column with methanol/acetonitrile 30/70 (%, v/v) as mobile phase. Flow rate of 0.4
mL/min, UV detection at 210 nm, loop volume of 20 uL, and 20 ©C.

Mobile phase: ethanol
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Figure A.8 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.4980 mg/mL) and oleanolic (OA, 0.5040 mg/mL)
acids using an Acclaim C30 column with ethanol as mobile phase. Flow rate of 0.4 mL/min, loop volume of 20 uL, and 20
oC.
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Mobile phase: ethanol/water 90/10 (%, v/v)
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Figure A.9 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.4980 mg/mL) and oleanolic (OA, 0.5040 mg/mL)
acids using an Acclaim C30 column with ethanol/water 90/10 (%, v/v) as mobile phase. Flow rate of 0.4 mL/min, loop
volume of 20 uL, and 20 °C.

Mobile phase: ethanol/water 90/10 (%, v/v)
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Figure A.10 — Extended HPLC chromatogram of a binary mixture of betulinic (BA, 0.4980 mg/mL) and oleanolic (OA,
0.5040 mg/mL) acids using an Acclaim C30 column with ethanol/water 90/10 (%, v/v) as mobile phase. Flow rate of 0.4
mL/min, loop volume of 20 uL, and 20 °C.

Mobile phase: ethanol/acetonitrile 85/15 (%, v/v)
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Figure A.11 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.4000 mg/mL) and oleanolic (OA, 0.4100
mg/mL) acids using an Acclaim C30 column with ethanol/acetonitrile 85/15 (%, v/v) as mobile phase. Flow rate of 0.4

mL/min, loop volume of 100 uL, and 20 C.
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Mobile phase: ethanol/acetonitrile 85/15 (%, v/v)
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Figure A.12 — Extended HPLC chromatogram of a binary mixture of betulinic (BA, 0.4000 mg/mL) and oleanolic (OA,
0.4100 mg/mL) acids using an Acclaim C30 column with ethanol/acetonitrile 85/15 (%, v/v) as mobile phase. Flow rate
of 0.4 mL/min, loop volume of 100 ulL, and 20 ©C.

Mobile phase: ethanol/acetonitrile 50/50 (%, v/v)
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Figure A.13 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.4000 mg/mL) and oleanolic (OA, 0.4100
mg/mL) acids using an Acclaim C30 column with ethanol/acetonitrile 50/50 (%, v/v) as mobile phase. Flow rate of 0.4
mL/min, loop volume of 20 uL, and 20 °C.

Mobile phase: isopropanol
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Figure A.14 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.5250 mg/mL) and oleanolic (OA, 0.5250
mg/mL) acids using an Acclaim C30 column with isopropanol as mobile phase. Flow rate of 0.4 mL/min, loop volume of
100 uL, and 20 °C.
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Mobile phase: isopropanol/acetonitrile 50/50 (%, v/v)

Signal (mVolts)

_10 | 1
0 5 10 15

Time (min)

Figure A.15 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.2450 mg/mL) and oleanolic (OA, 0.2500
mg/mL) acids using an Acclaim C30 column with isopropanol/acetonitrile 50/50 (%, v/v) as mobile phase. Flow rate of
0.4 mL/mi, loop volume of 100 ulL, and 20 °C.

Mobile phase: ethyl acetate
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Figure A.16 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.5000 mg/mL) and oleanolic (OA, 0.5000
mg/mL) acids using an Acclaim C30 column with ethyl acetate as mobile phase. Flow rate of 0.3 mL/min, loop volume of
100 uL, and 20 °C.

Mobile phase: methanol/acetone 50/50 (%, v/v)
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Figure A.17 — HPLC chromatogram of a binary mixture of betulinic (BA, 0.5150 mg/mL) and oleanolic (OA, 0.5500
mg/mL) acids using an Acclaim C30 column with methanol/acetone 50/50 (%, v/v) as mobile phase. Flow rate of 0.4
mL/min, loop volume of 100 ul, and 20 ©C.
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Appendix B

Concentration profiles of betulinic and oleanolic acids in the SMB unit obtained by

simulations
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Figure B.1 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 2-2-2-2, column
lengths of 15 cm (8 equal to 1.000), at 20 °C.
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Figure B.2 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 2-2-2-2, column
lengths of 20 cm (8 equal to 1.000), at 20 °C.

68




10

| g OA

) 1 | “ l\
E o6l ’ | “ "‘
= 0. | / \ \
m ( / ‘\
E :‘ | ‘x \
© 04l | / \ \ -
/ [ \ \
/ \
/ / \
0.2+ ,‘”“( // “‘\\ Bl
0.0 // | L / | | e o L |
0 1 2 3 4 5 6 7

Column
Figure B.3 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 2-2-2-2, column
lengths of 25 cm (8 equal to 1.000), at 20 °C.
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Figure B.4 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 10 cm (8 equal to 1.000), at 20 °C.
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Figure B.5 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 10 cm (8 equal to 1.020), at 20 °C.
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Figure B.6 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 10 cm (B equal to 1.025), at 20 °C.

70



——= BA

—— OA

C, (mg/ml)
g

0.0
1
Column

Figure B.7 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 10 cm (8 equal to 1.030), at 20 °C.
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Figure B.8 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 10 cm (8 equal to 1.050), at 20 °C.
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Figure B.9 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 25 cm (8 equal to 1.000), at 20 °C.
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Figure B.10 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 25 cm (8 equal to 1.010), at 20 °C.
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Figure B.11 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 25 cm (8 equal to 1.020), at 20 °C.
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Figure B.12 — Concentration profiles of betulinic and oleanolic acids for simulations with configuration 1-1-1-1, column
lengths of 25 cm (8 equal to 1.030), at 20 °C.
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Concentration history of the raffinate stream of the SMB unit obtained by simulation
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Figure B.13 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 2-2-2-2, column lengths of 15 cm (8 equal to 1.000), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.14 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 2-2-2-2, column lengths of 20 cm (f equal to 1.000), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.15 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 2-2-2-2, column lengths of 25 cm ([ equal to 1.000), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.16 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for

simulations with configuration 1-1-1-1, column lengths of 10 cm (8 equal to 1.000), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.17 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 10 cm (8 equal to 1.020), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.18 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for

simulations with configuration 1-1-1-1, column lengths of 10 cm (8 equal to 1.025), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.19 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 10 cm (8 equal to 1.030), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.20 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 10 cm (8 equal to 1.050), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.21 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 25 cm ([ equal to 1.000), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.22 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for

simulations with configuration 1-1-1-1, column lengths of 25 cm (8 equal to 1.010), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.23 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 25 cm (8 equal to 1.020), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.
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Figure B.24 — Switch time average concentrations in the raffinate and betulinic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 25 cm (8 equal to 1.030), and 20 °C. Full black line represents
the average concentration of betulinic acid and dashed line represents the average concentration of oleanolic acid.

Concentration history of the extract stream of the SMB unit obtained by simulation
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Figure B.25 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 2-2-2-2, column lengths of 15 cm (8 equal to 1.000), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.

1071

087

06|

04r

C.” (mg/mL)

0.2

0.0 T - -
0 50 100 150 200
Switch number
Figure B.26 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 2-2-2-2, column lengths of 20 cm (8 equal to 1.000), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.27 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 2-2-2-2, column lengths of 25 cm (8 equal to 1.000), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.28 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for

simulations with configuration 1-1-1-1, column lengths of 10 cm (f equal to 1.000), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.29 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 10 cm (f8 equal to 1.020), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.30 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for

simulations with configuration 1-1-1-1, column lengths of 10 cm (8 equal to 1.025), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.31 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 10 cm (8 equal to 1.030), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.32 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 10 cm (8 equal to 1.050), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.33 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for

simulations with configuration 1-1-1-1, column lengths of 25 cm ([ equal to 1.000), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.34 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 25 cm (8 equal to 1.010), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.35 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 25 cm (f8 equal to 1.020), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.
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Figure B.36 — Switch time average concentrations in the extract and oleanolic acid concentration history (blue) for
simulations with configuration 1-1-1-1, column lengths of 25 cm (8 equal to 1.030), and 20 °C. Full black line represents
the average concentration of oleanolic acid and dashed line represents the average concentration of betulinic acid.

82



